] i ) in sperm significantly alters swimming direction during chemotaxis (3, 4). Recent studies of human sperm suggest that progesteronemediated Ca 2+ influx through a Ca 2+ channel, CatSper, plays essential role in motility changes, such as hyperactivation and chemotaxis (5, 6), although both phenomena are argued to be separated (7). However, Ca 2+ is a primary factor regulating symmetry of flagellar waveform (8, 9). Chemotactic movements are achieved by continuous changes in waveform symmetry of sperm flagella and subsequent changes in swimming direction to access the egg (10). Ca 2+ -dependent regulation of flagellar beating is reportedly governed by Ca 2+ -binding proteins that likely regulate axonemal dynein (8, 9). These proteins have not been identified, however, and the molecular mechanism of Ca 2+ -dependent control of flagellar asymmetry in sperm chemotaxis remains uncharacterized.
Sperm chemotaxis occurs widely in animals and plants and plays an important role in the success of fertilization. Several studies have recently demonstrated that Ca 2+ influx through specific Ca 2+ channels is a prerequisite for sperm chemotactic movement. However, the regulator that modulates flagellar movement in response to Ca 2+ is unknown. Here we show that a neuronal calcium sensor, calaxin, directly acts on outer-arm dynein and regulates specific flagellar movement during sperm chemotaxis. Calaxin inhibition resulted in significant loss of sperm chemotactic movement, despite normal increases in intracellular calcium concentration. Using a demembranated sperm model, we demonstrate that calaxin is essential for generation and propagation of Ca 2+ -induced asymmetric flagellar bending. An in vitro motility assay revealed that calaxin directly suppressed the velocity of microtubule sliding by outer-arm dynein at high Ca 2+ concentrations. This study describes the missing link between chemoattractant-mediated Ca 2+ signaling and motor-driven microtubule sliding during sperm chemotaxis. ] i ) in sperm significantly alters swimming direction during chemotaxis (3, 4) . Recent studies of human sperm suggest that progesteronemediated Ca 2+ influx through a Ca 2+ channel, CatSper, plays essential role in motility changes, such as hyperactivation and chemotaxis (5, 6) , although both phenomena are argued to be separated (7) . However, Ca 2+ is a primary factor regulating symmetry of flagellar waveform (8, 9) . Chemotactic movements are achieved by continuous changes in waveform symmetry of sperm flagella and subsequent changes in swimming direction to access the egg (10) . Ca 2+ -dependent regulation of flagellar beating is reportedly governed by Ca 2+ -binding proteins that likely regulate axonemal dynein (8, 9) . These proteins have not been identified, however, and the molecular mechanism of Ca 2+ -dependent control of flagellar asymmetry in sperm chemotaxis remains uncharacterized.
Marine invertebrates are excellent models to study sperm motility because their sperm show clear motility changes and are produced in quantities sufficient for biochemical analysis. In the ascidian, Ciona intestinalis, a transient flagellar [Ca 2+ ] i burst is induced by a chemoattractant called sperm activating and attracting factor (SAAF), which triggers rapid sperm-turning followed by straight swimming toward eggs (4, 11) . In a search for candidates that regulate Ca 2+ -dependent flagellar movement, we recently identified an axonemal Ca 2+ -binding protein, calaxin, which binds to outer-arm dynein in sperm flagella of C. intestinalis (12) . Calaxin is highly conserved in metazoa, including mouse and human. In the present study, using Ciona sperm we show that calaxin is essential for Ca 2+ -dependent modulation of sperm movement necessary for chemotaxis toward the egg. We use in vitro motility assays to demonstrate that calaxin directly suppresses microtubule sliding driven by outer-arm dynein.
Results and Discussion
To test the function of calaxin in regulation of sperm motility in chemotaxis, we used an inhibitor of neuronal calcium sensor family proteins, repaglinide, which specifically binds to calaxin in sperm flagella (Fig. S1 ) (13) . We first asked whether calaxin plays a critical role in sperm chemotaxis. During chemotactic movements, sperm show a unique turning movement associated with a flagellar change to an asymmetric waveform, followed by a straight-ahead movement (11) . We observed sperm chemotactic movement toward a glass capillary filled with SAAF in the absence and presence of repaglinide (Fig. 1A) . Sperm in control artificial sea water (ASW) with 0.5% (vol/vol) solvent (DMSO) showed very strong chemotaxis toward the glass capillary. However, sperm in the ASW containing 150 μM repaglinide did not exhibit the unique turn movement and showed less-effective chemotaxis (Fig. 1A) . Linear equation chemotaxis index (LECI) (11) analysis quantitatively showed significantly decreased chemotactic property promoted by repaglinide at >100 μM (Fig. 1B) . Sperm-swimming velocity showed no dramatic change following repaglinide treatment (Fig.  1C) . One hypothesis is that loss of chemotactic behavior by repaglinide could be caused by an effect on K ATP channels (13) . However, treatment with glibenclamide, a specific K ATP channel inhibitor, had no effect on chemotactic behavior (Fig. 1B) ] i near the chemoattractant similar to control sperm ( Fig. 1D ; Movie S2). The average maximum intensity of Fluo-8H fluorescence during chemotaxis was not affected by repaglinide (Fig. 1E) . These results suggest that repaglinide inhibition of flagellar waveform is not due to an effect on [Ca 2+ ] i , but to direct action on calaxin. To understand how chemotaxis is inhibited by repaglinide, flagellar waveform asymmetry was analyzed in detail using a high-speed camera. In the chemotactic turn, sperm show a transient change in flagellar asymmetry ( Fig. 2A; Movie S3) . Sperm treated with 150 μM repaglinide continued to exhibit transient flagellar asymmetry, but the trajectory of movement was unstable due to incomplete turning, resulting in less-effective chemotactic movement (Movie S4). Intriguingly, repaglinide-treated sperm could not sustain an asymmetric waveform and rapidly returned to a symmetric form, in contrast to control sperm, which showed strong asymmetry during one turn ( Fig. 2A, asterisks ; Movies S3 and S4). Detailed analysis revealed that repaglinide-treated sperm showed multiple asymmetric changes during one turn ( Fig. 2B, arrowheads; Fig. 2C ), and the duration of the asymmetric state was decreased (Fig. 2 B, Center, and D) . Such a decrease in duration could result in loss of a strong turn essential for chemotactic movement. The flagellar wave is composed of a large principal bend (P-bend) and a smaller reverse bend (Rbend) (9) (see Fig. S3 ). Asymmetry of flagellar waveform at the chemotactic turn was accompanied by both an increase of Pbend curvature and a decrease in R-bend curvature. Repaglinide-treated sperm achieved waveform asymmetry similar to that of control sperm (Fig. 2B , Right), and as a result the maximum asymmetric indices were the same as those seen in control sperm (Fig. 2E ). Decreased duration of the asymmetric waveform and the resulting restoration of symmetric waveform led to weak orientation of sperm movement to the chemoattractant.
Next, to examine the direct effect of repaglinide on flagellar axonemes, we used a model in which sperm were demembranated with 0.04% Triton X-100 and reactivated by 1 mM ATP. Various concentrations of Ca 2+ were added to the reactivating solution, and sperm waveform was analyzed. Reactivated sperm showed Ca 2+ -dependent changes in asymmetry of the flagellar waveform, as previously reported (8) . Sperm flagella showed a more asymmetric waveform in solutions containing high Ca 2+ concentration ( Fig. 3 A and B) . Analysis of asymmetric indices at various [Ca 2+ ] i indicated that flagellar asymmetry became significant at greater than 10 −6 M Ca 2+ (Fig. 3B ). However, flagellar bending of reactivated sperm treated with 150 μM repaglinide was attenuated at high Ca 2+ concentrations, although flagellar bending propagated at low concentrations of Ca 2+ (Fig. 3C ). Comparison of bending curvature along the flagellar length at Ca 2+ concentrations between 10 −10 M (pCa10) and 10 −5 M (pCa5) showed that repaglinide treatment greatly impaired bend propagation, especially at the distal portion of flagella at pCa5 (Fig. 3C) . A similar effect was observed by specific antibody against calaxin (Fig. 3D ). This wave attenuation occurred in both the P-bend and R-bend at pCa5 and in the P-bend at pCa10 ( Fig. 3 C and D) . Glibenclamide treatment had no effect on flagellar amplitude at both low and high Ca 2+ concentrations (Fig. S2) . A calmodulin inhibitor W-7 slightly lowered the P-bend curvature, but it caused no significant attenuation of flagellar curvature (Fig. S2 ), indicating that attenuation of flagellar curvature is due to specific inhibition of calaxin, not that of CaM-like proteins in the axoneme.
Calaxin has three Ca 2+ -binding motifs (EF-hand) (amino acids 62-90, 98-126, and 151-166) (12) . The association of calcium with calaxin was investigated using isothermal titration calorimetry (ITC; Fig. 4A ). The ITC data for Ca 2+ could be fitted to a three-sites sequential binding model, consistent with the motif prediction (Fig. 4A) . Two of the three EF-hand motifs exhibited endothermic binding (ΔH 1 = 8.0 kcal/mol and K a1 = 2.3 × 10 5 M −1 ; ΔH 2 = 5.1 kcal/mol and K a2 = 2.2 × 10 5 M −1 ), and one was an exothermic site (ΔH 3 = −3.4 kcal/mol and K a3 = 3.5 × ). Positive enthalpy reflects hydrophobic interactions, as in the cases of the Ca 2+ binding to calmodulin (14) and (+)-abscisic acid (ABA) binding to PYL1 (15) .
Finally, because calaxin is a strong candidate for a direct regulator of dynein motor activity (12), we asked if calaxin modulates sliding of polymerized singlet microtubules by purified outer arm dynein in vitro. After outer arm dynein was attached to a glass slide in a chamber, microtubules were added in the presence of 1 mM ATP, and microtubule translocation was recorded ( Fig. 4B ; Movies S5, S6, S7, and S8). Outer-arm dynein from Ciona sperm translocated microtubules at 4.6 ± 1.5 μm/s at pCa10. Increasing the concentration of Ca 2+ to pCa5 had a small effect on translocation velocity (Fig. 4C) . However, addition of calaxin significantly reduced the velocity of microtubule translocation at pCa5 (Fig. 4C) . Repaglinide cancelled the suppression of microtubule translocation at pCa5 (Fig. 4C) . A specific antibody against calaxin also cancelled the suppression effect of calaxin (Fig. 4C) . To disrupt Ca 2+ binding of calaxin, we prepared a calaxin mutant with E118A substitution in EF-hand motif 2 (Fig. 4A) . The E118A mutant of calaxin showed no suppression of microtubule translocation even at pCa5 (Fig. 4C) .
Analysis of Chlamydomonas mutants indicates that outer-arm dyneins are essential for conversion of waveform asymmetry in response to changes in Ca 2+ concentration (16) (17) (18) . Calaxin binds to the β heavy chain of outer-arm dynein (12, 19) and suppresses microtubule sliding at high Ca 2+ concentrations (Fig.  4 B and C) . Such suppression is likely required to propagate the asymmetric bend. In fact, both P-and R-bends of demembranated sperm are attenuated by treatment with the calaxin inhibitor repaglinide (Fig. 3C) or by anti-calaxin antibody (Fig. 3D) . During chemotaxis of repaglinide-treated sperm, the asymmetric waveform does not propagate but becomes prematurely symmetric ( Fig. 2A) . It is generally accepted that flagellar bend propagation results from alternate sliding of doublet microtubules driven by dyneins. Mechanical feedback from one bend affects microtubule sliding in an adjacent bend (20) . Therefore, suppression of microtubule sliding by calaxin could affect the adjacent bend to propagate an asymmetric waveform (Fig. 4D) .
Conversion of asymmetrical waveform in Chlamydomonas flagella occurs at ∼10 −6 M Ca 2+ in wild-type but not in outerarmless mutants (17 ] i increases from 10 −7 to 10 −6 M by the chemoattractant speract in sea urchins (22) . Suppression of microtubule sliding in vitro is significant at ∼10 −5 M (Fig. 4C ) and is consistent with both Ca 2+ response in sperm flagella (Fig. 3 ) and hydrophobic interaction formed by Ca 2+ binding to two EF-hand motifs, as suggested from ITC (Fig. 4A) . These results further support the idea that Ca 2+ -dependent suppression of microtubule-translocation activity of dynein by calaxin is a prerequisite for turn movement during sperm chemotaxis (Fig. 4D) . Thus, Ca
2+
-mediated regulation of outer-arm dynein is thought critical for proper propagation of asymmetric flagellar waveform. The present study demonstrates not only the essential role of calaxin in sperm chemotaxis, but also the significance of outer-arm dynein in Ca 2+ -dependent regulation of asymmetric flagellar bend. Because calaxin is commonly present in metazoan cilia and flagella (12), further studies are likely to lead to important discoveries in the Ca 2+ -dependent regulation of various cilia-mediated processes.
Materials and Methods
Chemicals and Solutions. Repaglinide and glibenclamide were purchased from Sigma-Aldrich, and W-7 was from Wako Pure Chemical. EAH Sepharose 4B was from GE Healthcare. Fluo-8H AM was from AAT Bioquest, Inc. Cremophor EL was from Nacalai Tesque. Other reagents were of analytical grade. The following two types of ASW were used: ASW containing 460. 3 (12) . For in vitro microtubule translocation assay, IgG was purified by blot purification using GST-calaxin fusion protein.
Repaglinide Pull-Down Assay. The repaglinide-binding experiment was performed based on a report by Okada et al. (13) . A total of 50 mg of repaglinide dissolved in 1 mL of dimethylformamide (DMF) and 100 mg of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide dissolved in 5 mL of DMF were added to the resin mixture. The pH was adjusted to 5.0, and the mixture was incubated Analysis of Chemotaxis. Sperm chemotaxis was analyzed using SAAF-filled glass capillaries as described (4) . Sperm movements were observed using a phase-contrast microscope (BX51; Olympus) with a 20× objective and recorded with a high-speed CCD camera (HAS-220; Ditect). A laboratorymade light-emitting diode (LED) stroboscopic illumination system was used to capture sperm flagellar waveforms. Images were taken with a frame rate of 50 frames per second (fps) or 200 fps to analyze swimming trajectory or flagellar waveform, respectively. Both properties were analyzed using Bohboh software (Bohboh Soft, Tokyo, Japan). Ca 2+ -imaging analysis was performed using a Olympus filter set (excitation filter, BP490-500; dichromatic mirror, DM505; emission filter, BA510-550) and recorded on a personal computer connected to a digital CCD camera (ImagEM, C9100-13; Hamamatsu Photonics) at 50 fps using the imaging application Aquacosmos (Hamamatsu ] i triggers asymmetry of the flagellar waveform. Ca 2+ binding results in a conformational change in calaxin, its association with the dynein motor domain, suppression of microtubule sliding, and propagation of an asymmetric wave necessary for turn movement.
Photonics). For fluorescence illumination, a stroboscopic lighting system with a power LED was used as described (4) . Fluorescent signal intensity and sperm flagellar bending were also analyzed using Bohboh software.
Analysis of Flagellar Waveforms. Individual images of sperm flagella were tracked automatically, and their curvatures calculated based on the method of Baba and Mogami (23) . Flagellar asymmetry was expressed as the ratio of maximal curvature of the P-bend and that of R-bend (P-bend Max /R-bend Max ; Figs. S3 and S4). That ratio should equal 1 when flagella show completely symmetric bending, and greater than 1 when they show an asymmetric waveform. This ratio is referred to as the asymmetric index (4). The maximum value of the asymmetric index during chemotaxis was obtained from smoothened values of asymmetric changes to avoid overestimation.
Motility of Demembranated Sperm. Demembranation and reactivation of C. intestinalis sperm were performed using procedures based on Gibbons and Gibbons (24) and Brokaw (25) -free ASW containing 1 mM theophylline to activate motility, and incubated for 5 min at 25°C. Sperm were demembranated with 10 vol of demembranation solution incubated for 3 min at 25°C. Demembranated sperm were kept for several minutes in preincubation buffer until use. Demembranated sperm were reactivated with reactivation buffer containing various CaCl 2 concentrations. Free Ca 2+ concentration was assessed by CALCON (18) (Table S1 ). Repaglinide, glibenclamide, or W-7 was added to the demembranation solution, preincubation buffer, and reactivation buffer. DMSO concentration was kept below 0.5% in all experiments. Sperm flagellar waveforms were observed as described previously. Images were recorded with a frame rate of 200 fps. Flagellar curvature and amplitude were analyzed using Bohboh software.
In Vitro Motility Assay. Outer-arm dynein was isolated as described (26) . An in vitro motility assay was performed at 25°C according to Sakakibara et al. (27) with modifications. All glassware was cleaned with solution containing 0.1 M HCl and 70% ethanol and rinsed with distilled water. A 10-μL flow cell was made with a glass slide and a coverslip. Porcine brain tubulin (∼10 mg/mL) was polymerized into microtubules in assembly buffer [1 mM MgCl 2 , 1 mM EGTA, 2 mM GTP, 2% (vol/vol) dimethyl sulfoxide, 80 mM Pipes/KOH (pH 6.9)] at 37°C and them supplemented with 20 μM Taxol. Purified outer-arm dynein (250 μg/ mL) was diluted in Hepes/Mg/K (HMK) buffer containing 50 mM Hepes/NaOH (pH 8.0), 4 mM MgSO 4 , 50 mM CH 3 COOK, 1 mM DTT supplemented with 0.5 mg/mL BSA, 2 mM EGTA, and various CaCl 2 concentrations (Table S2 ), in the presence or absence of recombinant calaxin. Final concentration of dynein or calaxin was 55 or 186 μg/mL, respectively. For testing the effect of antibody, final concentration of dynein, calaxin, or IgG was 33, 118, or 7 μg/mL, respectively. The solution was kept at room temperature for 10 min and loaded into the flow cell. After 3 min, microtubules diluted in HMK buffer supplemented with 0.5 mg/mL BSA, 0.05% methylcellulose, 1 mM ATP, 1 μM Taxol, 2 mM EGTA, and various concentrations of CaCl 2 were perfused into the flow cell. Microtubule gliding was observed and recorded with a dark-field optical microscope (BX51; Olympus) equipped with an immersion dark field condenser (U-DCW) and a 100-W mercury lamp (U-RFL-T). Images were recorded with a high-sensitivity camera (WAT-120N+; Watec) and captured by iMovieHD (Apple Inc.) with a video frame, and the velocity of microtubule gliding was analyzed.
Expression and Purification of Ca 2+ -Free Calaxin. The gene of calaxin was amplified by PCR and cloned into the NdeI/BamHI site of pET-28a(+) (Novagen) to generate recombinant proteins with an N-terminal His-tag fusion. The construct of E118A calaxin mutant was generated by KOD-plus (Toyobo) and DpnI (TaKaRa). After induction of protein expression in Escherichia coli strain KRX, cells were harvested and proteins were solubilized in a buffer A containing 50 mM Tris·HCl (pH 8.0), 300 mM NaCl, and 10 mM imidazole. His-tag proteins were purified by Ni Sepharose 6 Fast Flow (GE Healthcare) column. Purified protein was treated with thrombin at a final concentration of 5 U/mg of His-tag fused calaxin. The solution was dialyzed against 50 mM Tris·HCl (pH 8.0), 1 mM DTT, and 1 mM EDTA at 4°C overnight. The dialyzed solution was centrifuged at 20,000 × g at 4°C for 10 min, and the supernatant was concentrated to ∼1.5 mg/mL. The concentrated sample was injected onto a Superdex 75 10/300 GL column preequilibrated with 25 mM Tris·HCl (pH 8.0), 1 mM DTT, and 200 mM NaCl.
Isothermal Titration Calorimetry. ITC was carried out at 4°C using a MicroCal iTC 200 (GE Healthcare) and a Nano ITC (TA Instruments). The protein concentration was determined by the Bradford method using BSA as the standard protein. Calaxin at 35 μM was titrated with the calcium solution [1 mM CaCl 2 in 25 mM Tris·HCl (pH 8.0), 1 mM DTT, and 200 mM NaCl] using 1.5-μL injections. Each injection was performed at 1,000 rpm stirring speed with injection intervals of 2 min. Curve fitting was performed using the software Origin7.
Data Analysis. Data were subjected to Dunnett's test for multiple comparisons or t tests for comparison of two independent groups. All experimental data were obtained from triplicate experiments unless indicated. The data in Fig. 3 C and D represent the mean ± SD. Other data reported in this paper represent the mean ± SEM.
